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CHAPTER I
THE PROBLEK AXD HISTORICAL BAGKGROUND
I. THE PROBLEN .

Introduction to Problem. In the study of aerodynamic phenomena,
the addition of the dimension "time® to steady aerodynamics, has enabled
the investigator to examine, theoretically, such problems as transient
flows, gusts, dynamic res‘ponse in flight, maneuvers, dynamic stability
and flutter. This thesis is concerned with a phase of this broad subject,
apecifically with a type of flutter of a contxrol surfz'xcé in potential
flo.w. To orisnt the reader, there follows a .genaral description of the
mechanism of flutter. .

Flutter is an oscillatory instability of a lifting surface, m;ch as
an aireraft wing or eontrol surface, which may result in distortion or
destruction of the winz or control surface. The energy for the naintenance
of growth of the oscillaiions comes only from the aerodynanic ac'tion of
the fluld passing over the wing or control surface. By examining the
gz'owhh of 1ift on a wing associsted with a change in angle of attack, a
physical picture of the gource of energy ma} be further clarified as
follows, Lift 1s directly affected by the amount of bound ciroculation
present on the wing, the amount of cireulation is determined by the
condition (termed the Kutta condition) that the flow must l@ave the sharp
tralling edge of the alrfoil amoothly, with no infinite velocit.}.' If the
angle of attack is rapidly inereased, thc bound circulation'mus'b change

in order to maintain the proper trailing edge condition of no infinite velosity.
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the control surface allowed to rotate. It is td Le expected that for an
" actual configurstion, many degrees-of-freedom will be present. \However,
a study of the gingle-degres-of-freado: systemn may be significant in
assisting in an understanding of the counled type of flutter, and even
under gpeclial c&nditions y single-degrec-of-freedom system may be of

_practical concern.

Purpose of the investigation. It was the purpose of this'investiga-

tlon to (1) explore or show the cxistence of single-degree-of-freedon flutter
of a control surface ba‘_sed on potent-iai theory, and (%) to exanine amd
present the éfi‘eots of ‘variou!; indépand’én‘t parameters such as lach number,
density of fluld, axis of rotation location, stxjuct.ural danping, -and

aerodynamic balance on this t,‘,’pe»of oscillatary instability.

Inportance of the study., Tkw'general fleld of flutter is becoming of

increasing importance because of the tends of modern aeronautical develop-
ment. For instance, it is becoming evident that certain phases of flutter
are clogely allised to the dynamic stabiliity of aii'craft. This lnérease in
dmportance is-due In part Yo the inoreasing speed ranges, higher operating
altitudes, énd unusual configurat}.on; of modern aircraft. 4 .t
Almost all activity in flutter research has been focused on the

~goupled typs of flutter and there exists an srea of the field that has

rnot been fully examined. Thig areapf the flald is single-degree-of-freedom
flutter and, in partioular, sinsle-degree-of-freedom flutter of a control

surface,

Recently single-degree-of-freedom-flutter of a control swurface has

been experienced in high apeed flisht, and the explanation of the cause

has not been entirely clear, although some investigators have been of
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the opinion that separated flow is involved. The mechhnism of instability
presented in this paper, howev.er,. should provide a framework for a more
complete study, even though it is not necessarily a ocomplote explanatlion
of the cause. For example, this study could provide for z logical groupe

"ing of parameters that should be investigated.
- IT. HISTORICAY, BACKIZRGUND

The first developments in non-staticnary serodynanic t‘:éury were made
by Wagner! in 1926 and by Birnbaum® in ‘1924'. | Those investijators were
primarily interested in obtaining the exyressions for the aerodynamie

‘forces on an accslerating or osclllating lifting surface ar;d they wore
not concernad with the 'conditions under which the dynamical system could
become _unstable.

The first reference in the literature to single-degree~of~{reedom
flutter of a wing based on potential flow was made by Glawert® in 1929,
in a paper in which he derived expressions for /tha oscillating aerédynamio
forces. for the incompressible, two=dimenszional flow case. Although Glauert
made no calculations for a wing oscillating in pitch in two-dimensional

- flow, he states that for locations of the axis of rotations

seofurtier forward than 0.25 of tie chord, the damping
moment changes sign at very low frequencies and the oscillation

1 . Wagner, Uber dig Entstehun: des dynamischen Auftriebs von
Iragflureln. eitschrift fur Angewandie Matiematik und iechanik, Vol.§
1025), pp. 17-35

2 W, Birnbaum, Das ebepe Problen des schlacenden iluggls, Zeltschrifé
fur Angewandte Machematik und Hechanilk, vol. 4 (1924) pp. 277-R92

3 H. Glavert, Forece apd MOEQT} on_sn 0§c;1;%§;gg jercfoil, Aero.
Research Committee Reports and Memorandum, 1242 (Ae 397), Farch-1929,

London p. 15
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of the aerofoil will be maintained by the unstable damping

momsrts On first thought it might be conaidered that the

moment on the asrofoil in an oscillation of very low frequency

should be the same as in uniform e¢ircular motion, since-the

angular accelsration is negligibly small. There 1s, however,

the real physical difference between the two motions: in

steady circular motion the circulation round the aerofoil is.

oconatant and there is no vortex wake, whereas in an oscillatlon

of very low frequency, when the aerofoll is passing through

its mean position with Inereasing angle of incidence, the

circulation has been increasing alowly for a long time and -

there is vortex wake behind the aerofoil which modifies tha -
* gonditions oi flow.

Fbllowing Glavert's work, the subject of' single~degrec~of-freadan
flutter lay dormant and little intereat was exhibited in the natier until
Possio4, several years later, made similar observations f;ar the .case of
two-dimensional supersonic flow. Pos;sio made nQ calculz;\tions, but simply
examined the damping momont equatlon and concludsd that single—degrae—of—
freedom flutter o;‘ a wing in supersonic flow was pos-ible for eertain
pesitions oi‘ the axis of rotation and ranges of Mach number. I'ollowing
this paper, Garrick and Rubinows, in 19_46, published a report on tne
fluttér of a wing in supersonic two=dimensional flow, Part of this pager
was devoted to singla-degree—of-freedon p;tching oacillation of a wing.
An expressicn for the damping moment in terms of 'L‘.ach nunber and poai’bibn
of the axis of rotation was given, as wll 83 a plot of the ranges of Maoh
nwnber and piteh axis in which single~dermres~of-fresdon flutter would be

likely to occur. 4also of significance in this report by Garrick and Rublinow

4 C. Possio; L'sziope gerodinamics sul profilo oscillante alle
velocita ultragsopore. Acta. Pont. Aced. scl., Vole 1, Hoe. 11, 1937,
Ple. 93-105 ’

, § 1. Be Garrick and Se 1. Hubinow, Flutter and Oscillating Adr
Force Caloulations for an Afrfeil in a Two-Nimensional Supersonic Flow,
Technical Note 11556, NACA, October 1946, pp. 54-36




i3 their remark that |
esolt may be appropriate to mention that a similar

torsional instability is theoretically indicated even in the

subsonie (incompressible) cameees
This appears to be the first tims, since 1029, that the possibility of
aingla-degrée-of-freedm flutter in incompressible flow was mentioned.

The preceding investigatiofis dealt with two-dimensional flow,
Watki.nse, in 1949, made a study of some three dimensional effects on a
rectangular wing oscillating in supersonic {low. He presen{.ed_plots
showing the locations of pitch axis and lach number for various aa;‘)ec.t;‘
ratios in which the oscillation could occur. The effect of decreasing the
aspect ratio decoreased the ranges of l;ach nunber and pltch axis locsation
in wnich the oscillation eould occur, however, ,decreasmg.tm aspect ratlo
did not completely.eihnmate the possibility of single-degree-of-freedom ..
flutter. | |

The results of a study of the case of a wing oscillating in plitoh in
two=dimensional, incompressible flow has rc:ncently been reported by Smilg7.
He presented the results of calculations showing the ranges of location of
the axis of rotation and of the values of an inertis parameter for which
the oscillations are indicated. Smilg states in his conclusions that

essThe existence of this type of instability would not be pre=

dicted by pseudo-static¢ aerodynamic forces now cormonly employed
in airplane stability analysis.

6 Charles L. Watkins, Lffect of As Qeot Ratio on Undamped Torsloggl
v : i—n 1 9 NALIA Th 1895

7.B. Smilz, The Instability of Pitching Oseillations of an Alrfoll
in Subaonic Incompresgsible gotegtgl Flow, Journal of Aeronautical
.w!.ence November 1949, Vol. 16, lo. 11

-




Following this papor, Runyan® extcnded the caleulations of Smilg
for a pitching wing to include the cffcet of lach number and structural
damping. - Tt was chown that Mach nuver had a ver;,; rarked effect and
yields oscillatory instablilities over a wider range of an inertia
parmetar, Consequently, a configuration that would be stable in lin-
conmpressible flow could become unstable at the higher subsonic speeds.

The precediny historical background refers to single-degree-of-freedom
flutter of a wing and not to control wurfaces. A recent study of t.hé
oscillatory instability of a control surface alone, not based on potential
flow, was made by Smi.lgg, in which he discussed rather broadly soms
pbssible causes of control surface oscillations that have .baan found on
some hizh speed aireraft. He concluded that such factors as flow separatlion
and shock wave location were impurtant factors in gwernin;; the oscillations.
There apparently do not exist, to Lhe author's knowledge, studles denon~
strating the existence of single«degroe~ol-fresdon c’ontrol sarface

oscillation based on potential flow, and this subject foarms the basis of

‘ the present thesis. - . :

8 i?'arry L. Kunyan, : adoi=-rlutter Lalculations for
ying in Gubsonic Potenyial Flow and Comparison with an Experiment,
NACA, Unpublished T!, April 1451

9 Benjamin Smilg, The Prevention of Allerun Oscillations at Tr
Speeds, AAF Technical Report 5870, Amy Alr Forces, Air uateriel Command,
Wright Flela, Layton, Chilo



CHAPTN TX

INTHODUCTORY CONSIDERATIONS FOM FLULTER AND

EQUATICN OF EQUILIBRIUL ¥ifl & CORTROL SURFACE

In this chaptor, a gensral lirear single-degree-of-freedon system
conaisting of a mass, spring and danper 55 discussed. The system including
asrodynarnic oscillatipg alr forces with reference to'a wing and to a
control surface is then discussed, Finally the significance of the
equations of notlons with.regard to flutter is given. Symbols are defined
a3 they occur, but for convenience are also grouped together and present-

ed in the appendix,

I. SINCLE=DEOREE=CI «FREEDOM VIBRATION

CF A SPRING, MAUS, DASHPUT SYSTRI

The linear differential equation for the equilibrium of forces for
. & spring, mass; dashpot system of Fi;. 1{a) may be determined fram

Newton's second law Aaa) ‘d'%"'SF as
d

mX+dh+ k=0 fa. 1

where m is the mass of the gystem, x is the displacement from an
aquilibriun position (the dot signifios differentiation with respect to

time), d is the coefficient of damping, and k' 1s the structural restraint

or spring constante The solution to equation 1 may be put in the form

...—.d.-t/

X = e“em (C|co:> 4t 1-(:25\“ %tj Fq. @

where C3 and Cp are constants and may be determined by the boundary



condition and ¢= —,‘S—, — —rg-; {(This solution may be found in a standard
textbook on differential eé;uaticns or in a book on vibratlon of mechanical
systems.) The motion of the meas m’ ls then seen to be dependent on

the sign of the damping'poeffici.ent d. If d is a positive quantity,

| the motion is damped, that is the amplitude motion of the mass = will
decrease with increasing time. Iowsver, if d 1is negative, the amplitude
of the motion of the mass will increase v}vith increasing time, and this
conditioh is usually termed an undamped or a negatively damped condition: -
The situation of d being megative is not usually the physleal case, bubt -
' can cccur under special colrcumstances where sources of energy may be
present and such a conpdition is terrmed self excited. 'If d 1s.zero,
ﬁamonic oscillations may exlst, which eorrespond to a borderlire condition
vetween damped and undamped motion. Thercfore, the type of mot fon of

mass mn , may be determined by simply examining t_he gim of the danping

coefficient d, without the necessity of determining the complete solution

as gliven by equation € » : :
d t
L S
; —d —— .._____*__
/—\N\I'j m hd s
kn
X
=~ C /,
(a) g [‘_ \o)
i~ \ 8
. oA
&)

FTIGURE )

. SEVERAL TYPES OF SINGIE-DiGREE-OF-FREEDM BYSTHS
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ITe  STHGIE=DEGI S =0l = TEEDOYE VIDRATION

AND FLUDTSLR OF A WING.

In Fig. L(b) is shown a diagram representing a single-degree-of-
fréedom system aimilaz; to that in Fig. 1(a) with, however, the mase
systen replaced by a rigld winge The wing is considered rigid and can
rota'_oé only shout the axis of rotation a « 7The angular rotation of the
wing from an equilibrimn' condition is dencted by o , and tie spring
conpgtant is denuted by Coc, and the viscous damping moment coef:icient
is given by D. DLy application of Newton's second law for rotation about

an axis of rotation a8, there is obtained for the equilibrium of moments

1.6+ D&+ C,or=0 ' Ba. &
vhers I_, 13 the mass moment of Inertia of the systom about the axis
of rotation a. : .

Low, 4 Lhe wing 1s in an alrstrean of veloclty v, the fluid passing

_over the wing creates aerodynamic mowmnts (see Section I, Chapter I) which
must be included in ec-guation 3« In a general desoi'iptive‘fom, the

equilibrivm of moments may be written as

(I“+A|\}& + (D+A1)D’ + (C,,'i‘ AB) o= 0 Ege 4

A, 1is, effectively, an aerodynamic lneriia iterm, A, an asrodynamic

damping term, and Ay an gerodynanic stifipess terme. Those thwroe

Soofiicients are functions of kKach nunler, location of axis of rotation, '

gnd a reduced frequency parameter k=%,“2, where b ls the half chord,

L]




w the circular frequenecy and vV is the fluid velocity. Ordinarily,
the air force coe{figlents for flutter are not presented in the form of
the coefileients A, , 4, , and Ay , Lub rather the total aercdynamic
momont i 1s presented. I[quatlon 4 may then be writ.then as

>

I,&x+D& +C, er= Mo

where

Mo= - (A &+ A, &+ A o)
) III. SINOLE-DEGREZ-OF-FIGEDOM FLUTTER

OF 4 CONIROL STrSrACE

" In Fige l{c) is. shown a single~degree-cf-freedom control surface
gystert, in which 'h;;e wirg is completely restrained, but the control sur-
fece 13 allowad to rotate 'about i‘tﬁ’.‘hiﬁf‘fe line ¢ (¢ is measured fron the

» mid=chord, hased on the half-chord, and positive rearward.) The control
surface 55 restrained by a spring, A}uavt'.n;,: a stiffness Gp « For an actual
control surface, the flexibility of the control cables and attachmerts
would provide the structural stiffness ghoub $he hinpe line. The mass
momgnt of inertia of thg control surface about its hinge line is denoted
by Xa , and tihe angular rotation of the comtrol surfacs fram some
equilibrium is siven by @ e By similar considerations as made for the
'oscillatiﬁg ;aing of section iI, the equation for the equilibriun of
moments for a control surface in an airstream of velocity v, may be

derived by use of Newton's second law to obtain

(IP+B'),‘B.-'-(D'"BZ‘):3‘1"(5-5‘#'53):0 Bge 5



nunber X, sontrol surface hinge location ¢, and the reduced frequency
parametor k. The total merodynamic meorent ¥ 1o again the sun of the

compenent parts so that

Ipfs'+D(%+C,F,=M,° | Eq. 6
mhere Mp=-(B73+ B,f +B,g)
It is a matter of great convenlence, in oscillatory non-stationary
gerodynanics to empioy the complex notation to represent the notion and
forcea., The use of complex quantities like cht in alternating elsatrical
current thwory has fmen widely adopted. In uti}:iz.'mg the concept of the
complex planc, the moment may be written as a vector, drawm from and
rotating about, the origin. This moment vector may be written n{ terms
of its various components along the real and imaginary axis. Aocordingly,
the phdse relatlon betwesn the moment and the displacement is glven by
the angle between the moment vector and ﬁhe displacement vector. As an
$llustration of this use, equation 6 is plotted in Fig. 2. Rquation 6 may

el
be put in a different form by the sistitubion of (s=g, e” to obtain

!

DB+ iDwp + Cad f-i“\a- C ‘\"\PR{'LM&I)F

and where ‘:é(s has been written in terms of a real and imaginary part.
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VECTORIAL, REPRESEKTATICH OF HOMLINTS O WIKG

For equilibrlum, ihe summation of tme moments elong the real axis

must be zero, as well as the summalion of monente along the imaginary

axis. Therefore, two equations may be written as follows
Eqe. 7

ﬁ—bF‘= (" sz’G T \/o,& - Mpg)ﬁ =0

and
I= (wD-Mpr)a=o0 4. 8

The structural damping moment usually found to be of significance in

flutter work is not of the viseous type @D , but rather a type that is not

a function of frequsncy and i3 a function of the apring momemt T3
g
+= gnd §

The structwral damping moment is then written as }QC;,P s Where jg
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is the lo; ar:tmlc decremont. Lquatlon 8, would then be

-
= - Tqe 8(a)

Lp= (gpCa Mardp )
Equation 6 can now be written in terms of its compoments

= I - ‘ Eq‘ 4]

Rb,ﬂ T "Lio§1 =0
The significance, of iho imarinery eomponent Ib@ m.w be sean by examining

(wT

equutiovz 1 and svbatituti.:g X=X,€ fnto the oquation to give

..
—-wmx+ (dwX t k' K=o

It is thus seen that the coefficlent of i is the damping coefficlent,
Similarly, 1 up represents the damping aart of the control surface equat lon
and the vanishing of I, corresponds to a borderiine co.ndit lon between
damped and undamped oscillation a8 was discussed in section I, Chmlaten 1L,
The real part -R_h@ is termed the frequency equdtion from which the frequency
‘of oscillation may be cdetermined. | |

The procedure for the sclution of eq,uation 9 is, therefore, first to
determine Im=o for any set of the parameters, ¥, ¢ and x. I such a cone
dition is i‘ound,. indicating the poasibility of an instability, the real
| ‘equatlon may be solved for the frequsncy of oscillation and finall,i;t for the
flulid veloeity. /

" In the followlng chapters, éxpmssions for }?h,; and VI-P will be

explicitly givan for a control surface in incompressible flow and in come

pressible Ilowe




- CHAPTER III

STNGLE DEGREE (F FREEDOM OSCILLATION OF A CONTROL SURFACE
IN AN INCOMPRESSIBLE FLUID

The flutter of a control surface in an incompressible fluid is treated
T ﬁhu ohapter., The control surface with sero structural damping ia
« £irst explained, and this is followed by a ssction in which the effect of
. structural damping is showt, Finally, some effects of control surface
serodynamic balence are discussed. | |

I. SINGLE DBGREE OF FREEDOM FLUTTER WITH ZERO STRUCTURAL DAMPING

Equation of equilibriun and method of golution. In Chapter II, it
was shown that by the use of the complex notation, the moment equation may

" be separated into two components so that

-

Expressions for R,, and I,, » without gtructural damping, were
derived by Theodorsenl® and were later extended to include structural

damping by Theodorsen and arriok* and are given' as follows

2

R ==(X_ _Ta\. 1 Tuih o6 1, 2Fy, Lo rw
R (@ (vt B &2 ) rn 5]
' 4 Eq. 10
Tt T Tw2e _Tooh) L 77 g T2, (o
o Klam\ T TaT ) L to mpe? (Z) _
where I@ is the mass moment of inertla of the control surface about

the hinge line ¢, » the fluid density, k (= bf } the reduced frequency,

10 Theodore Theodorsen, General Theory of Aeredynamic Instability and
the Mec@;gg of Flutter, NACA Report No. 496 (Superintendent of Documents,
Wash, DeCo .

11 T. Theodorsen and I. B. Garrick, Mechanism of Flutter - A Theoretjcal
d Experiment vestigation of the Flutter Problem, NACA Technical Report
685, 1950 (Superintendent of Doguments; Vash. De C.)
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We the natural circular frequency of the control surface about its hinge
line, and W the olrcular frequency at flutter. The T coefficients are
transcendsdtal functions of ¢ and are given in the appendix of the report
by Theodorsen and Gerrick. The aerodynamic coefficisnts By, Bp, and By

of equation 5 could be written in terms of the T functions, so tiat the

- T coefficients represent the various aerodymsmic inertia, diamping, and
stiffneas tema. The F and G functions appearlﬁg in equation 10 are
transcendental functions of the reduced frequanc.y k and were first derived
by Theodorsen. These quantities are due Yo the harmonically varying vortex
wake which is shed from the trailing edge of the wing, (See Chapter I,
Section I) For the stationary case, k=0 and F=7% and G= Q.

The values Tibp and I, were derived on the basis of linearized ‘
asrodynamic theory. .The basic equations of aerodynamics are nonelinear,
that is they involve ;n'ods;\nts or powers of thq independent variabls.
Solution to these non-linear equations have not in general, besn obtalned
and in order to obtain practical \ros\ults , most investigators have found it
necessary to re;ort to lineari‘.zati.on of ths equation, Tihs effect of
linearization in the prsaent: (;a#o is to (1) restrict the oscillation
ampli.tmia to small valusa, and (2) reducs the airfoil and conirol surface
ﬁhtcknesa to a line. Consequently, the effect of control surface ;hape is
not tékan into account,

The non-trivial solution of equation 9 for 3 3= 0 is

e

Rep=e " and I=0

since both the real and Lmaginary parts must both be zero. Ibp represents
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‘an outwof-phase moment on the control surface, positive values of which
indicate a damped or atable system, while negative quantities indicate an
undamped or driving mement. If Iy, = 0, a borderline condition exists
between damped and undamped osclllationsj and this is the éondition /
uéuallv sogght in fiutter analysis. "Tm.equatipn R",,Pz 0 is the inphase
moment from which the frequency of the oscillation and the flutter speed
may be determined.
The imaginary part Ibp = 0 is a function of both 1/k, the reduced
velocity,' and F and G, whioch are given by Theodorseni®, Sj.nog'}i' and G
are transcendental functions of l/k, a trial process is usually the most
convenient mothod of solving thls eqguation. Assume a value of l/k,v which
dstermines a sot of ¥ and G values, and compute IbF « Repest for several
values of 1/k,. plot IbF against 1/k, and determine the value of l/k at -
~ which Ipy= 0. This is tic value of 1/k at which the oscillation could
" occur., ’I‘hé frequency of oscillation may now be determined from the equation

Rya = 0, or in anothor fom

A
(_.69_}= ‘

wJ 4
,‘. \__Mr'\T'Pb .

Io

where

Mo=Ta( Tude To2r) T _ L (7-1m,
AT AT K ™ K T k‘ﬂ"(s *‘)

12 Thaodore Thsodorsen, Log. Oit.



and where the 1 coefflicients ere functions only of the control surface
hinge location ¢, These coefficients are tabulated in the Téchnical
Report hy 'L‘neodorsenl"’. :

Having determined the frequency of oscillation, the flutter speed -

parameter v/bw 1is obtained from the equation

where 1/k is the value at which Iy, = 0.

fesultg. Calculations based on the above equabtions have been nade
for various loéations o.t‘ the control surface axis of rotation. The
results of tho computations are presented in Fige B and Flge 4 for
positions of tie control surface axis of rotation ¢ = B, o4, 0, and =l.

In Fige 3, the flutter speed parameter v/bwg is plotted agalinst an
inertia parameter I,y‘;rpbm The stable reglon is below or ﬁo tne left of
each curve, and the unstable region is above or to the right. Mor small
values of tho lnertia parameter 1o the left of the vert_icc;i asynpbote, tie
control surface would be stable at all speeds. IF the luertla parameter
increases, Sfor instance by an increase in altltude, a value corrosponding
to the vartical asymptote, at which the flutter speed is infizlte, would
be reached. In I'ig. a (¢ = o8) this value is Iﬁ/}rpb“'-*?.ss, and it
increases ﬁo 550 (Fig. 3d) for ¢ = =I, corresponding to a wing oscillating
about its leading edge. 4 slight increase in I,/rp vt beyond the vert ical
asymptote would result in & very rapid decresse in the flutter speed. Tor

values of I, /n'w4 aporoaching infinity, v/bws approaches a value equal

18 Theodore Theodorsen, Loc. Clt.
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to v/bcw at which the oscillation occurs. Consequently, the frequency
of oscillation will approach the natural frequency of the systen for
large values of the inertis parameter. It should be noted that the
oscillation oceurs at a constant valus of v/bw , oonsequently, the
wa‘ve length of the oscillating wake {s independent of density (or altitude)
changze . . |

The frequency ratio (w/u";’ )2 is plotted against the inertia parameter
I(,/ﬁ‘.pl?4 on ’E'":I.__g; 4 for the same axes of rotation as for Fiz. 8. The
unstable region is above-or Lo f,he .right of & curve., The vertical asymptotes
-are the same as i‘:r Fig. 8, b;rb the horizontal Jasymptbte is 1. This indicates
that for very large #alms of In /me b* , the frequency of ésclllat ion
apuroaches the natural frequency of the control surface .

" On Fig. 5, the valiie.of the reduced velocity 1/k is plotted against the

axis of rotation of the control surface. |

On Figs 6, she minimum valus of the inertia parameter (vertiecal
asymptote) at \;«mich the osc!,l]étion could ocecur is plotted againat control
surface axis of rotation. The value of the inertia parameter increases as
the .aileron %o ohord ratio'inomasas. This plot is of particnliir significance
with regard to the zero structural restraint case ( wz= 0). If equation 4

i3 inverted to obtain

; e 4
()= | =M TP
o) “

Le
and  w,=0, there is obtained

L
r ﬂ“ab“‘

T
]

——

This indicates that if Ii,;,,/n‘p o is equal to or greater than M, an

oscillation is possible. The frequency.p oscillation is then a direct
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funotion of the velocity, and flutter can theoretically occur at ze'm

»

airspeed as hown by ths relation

v= bw/k

where 1/k 1s the value that satisfied Iy, = 0
I1. EFFECT OF STRUCTURAL DAXPING .

The effect of structural damplng, g, , is considered in this section.
From an examination of equation 10, it can be seen that the damping
cosfficiant appears only in the imaginary equation, Iy, « The type of
| damping agsumed is one that is in phase with the velocity ;3 but pro-
portional to the angular displacement, s «

A convenient method of solving Ib;, = 0 with the damping term included
is gﬁen in a report by Smilg and wassermanl4, The procedure eonsists of
assuning several valuss of 1/k and computing the damping gp o After
several assunptions, the damping gs 1s plotted against 1/k as shovn in
Fige 7 until the value of damping g, ohanges sign. Values of 1/k may
than be dotermixud for a given value of g, .

| Results. The results of caumputation for one location of the axis of
rotation ¢ = <7 are presented in Fig. 8 and Fig. 8. On Fig. 8, the flutter
speed parameter v/bw, is plotted against the inertia parameter. The
sffect oi‘ damping is appreciable and illustrates one method that could be
used for eliminating this type of oscillation, On Fig. 9, the frequenoy

ratio (w,)¥ i plotted against the inertia parameter. It should be

14 Benjamin Smilg and Lse 5. Wasserman, tion T -
ng ter Theo o) graft Structures, AC Technical Report, 4798

- Alr Corps, Materiel Division, Dayton, Chio.
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noted that flutter does not occur at a constant value of the reduced
. speed v/bw, as was ths situation for the zero damping case. A table of

Elne value of v/hwand inertia parametér is shown in Table I for ¢ = 7. .

TABIE I
Lo/roit , L . o
9a 20 30 50 78 100
0 | 34.85 [ 34,25 | 84,25 34.25 84.25
01 | 8.0 44,77 | 56,1 67458 77460
02 | 38.80 46.36 } B8 | TLEO . 82.85

Values of Reduced Velocity l/k for Various Values
of Inertia Parameter and Damping

III., EFFECT Ur AERODYNAMIC BALANCE

The effeot of aerodynamic balance is presented in this section. The
term asrodynamic balance 'usually inplies that the ocontrol surface is
pivoted behind the leading edge, resulting in an overhang. A sketch of a
gontrol surface having aerodynamic balance with pertinent dimensions is

shown on Fig. 10.

|
Sy

Fig. 10

Control Surface with Aerodynamic Balance
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gg;},;_.bgim Equation. 'l'hs moments and forces on a system as shown in
Fig. 10 have been derived by Theodorsen and Garriokls The calculation

procedure is the same as in the previoue. sections. The value of 1/k must

be determined that satisfies

and the frequency is determined from

i '
S R
where . )
R’;p:"#,("T} +27TA'ZITS)+R"_1—\'1(T‘8 + 2T ¥ U Ty

The T coefficients are given in 'the appendix of the report by
Theodorsen and Garrickls, and all T's are functions of o, exvept Tpg.
The value of thls tem ls

T28= 2_[|+c+- Zo:, (ch‘):}l

where

ot —
1—ce =VI=c¢* it
c—c!

v?oi

15 Theodore Theodorsen and Ik f}arrick v
1lerone omb on Inclu erodyramic I , NACA

Tochnical keport No. 756 (Government i’rint.ing Office, ‘ﬂashlnpton, De Co )

16 Theodore Theodorsen and I. E. Garriek, Loc. Git.
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When ¢ = ¢! this term is infinite, so that it is not possible to
represent the flow over a configuration if o' is direetly above ¢, forming
a step. Since the value of ¢! is usually not known for an actual con=
Iiéuration, some aporoximation must be made for its determination.

Theodorsen and Garrick give an equation for an average alleron as indlocated

. by the following equation

_ ¢! w0 = 25 (6=0)
m. Calculations have been performed for two axes of rotation e ,
with both having the same valus of ¢, and the results are plotted in Fig. 11
and Fig. 12, In Fig. 11, the flutter speed coeffioient is plotted against
I, ArfS. for ¢ = dand e = .56 and e = 75, The curves are similar to
those obtained with no aerodynamic balance, except that the limiting value
(vertical asymptots) appeara to be at a higher value. InFig. 12 the
frequency ratio (i )% 44 plotiged against the inertia parameter for
o= dande = .55and o= JT5. - |

The important facts to be noted are (1) that serodynamic balance did
not eliminate single degree of freedom flutter vof the control surface and
(2) the yeéter the amount of serodynamic balance, thé higher the 13r:iit1ng
value of the inertia parameter at whish the oscillation could begin.
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CHAPTER IV
EFFECT OF COMPRESSIBILITY

This chapter deals with the effeet of compressibility on single degree
of freedom flutter of a control surface for one ratio of control surface
ohord to wing chord, of 1§ percent (o = 7). Two Mach numbers are considered,
namely M = o7 and ¥ = 10/9 | -

I. USE OF TABLES FOR CALCULATIQNS OF COMPRESSIBILITY EFFECT

 Subgonig cmso U = .7, The coeféichnta for flutter in a compressibls
wedium are given in the form of table and curves in a veport by Dntur’,
which appears In a translated form by Air Materiel Commsdnd.

A notation differing from that used in this text appears in the
Distze }e}om. The imaginary part of ths moment I, (notation of his
t.x!si. aorrespondé to ihe Dietze tern’ fi'{m cxoept for a’eonstant. Since
the vanishing of the damping moment cosfficlent, I, re_pre.senta the -
borderline condition between damped and undamped oscillations, the vanishe
ing of K'pp will also represent the flutter condition. The real part of

the moment Rha (notation of this text) carresponds to the Dietze valus

K'RR  exsept for a constant multiplier and the relation between the two

coefficiants is
K ai
RLB= “'E’?‘s - Crr
L)

Therefore the frequency equation is

/—g )l= ) |
wn ‘ - RL& m‘
v Ip
17 ¥, Dietze; i ies Harm schwingenden Flue
ssiblem Medium bei Untersehallgeschw eit (Ebenes Problem)

Teil Ii Zahlen-ugd Kurventafeln (Translated by Headquarters, Alr Nateriel
Command, Viright Field, Dayiton, Ohio, No, I'=T=3 948-RE
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Supersonic ogse M = 10/9., Caloulations of the supersonic coefficients

for control surfase are reported in a paper by Huckel and Durlingm. The

asrodynamic moment on the aileron due to aileron motion is
M,,=—4(>bw K e e.(N._,-f'LN;)
and the summation of moment aebout the aileron hinge line gives
v , : 4 X . v
Lyf+Cap=-4pb ws(Ng+iN,]J

The problem again is to find the vaelue of 1/k at a given Mach number

that would satisfy the equation | | |
Ng= 0

In the notation of the supersonic aileron report, X), represents the
aileron hinge line, measured from the leading edge andqon=dimensionalized
by the chord. In order to study the same aileron hinge line position as
in the subsonic M ?-‘-.7 case, several cross plots are necessary to find the
value of 1/k that satisfies Ng= O. For instance, it can be seen that
Rg changed éign for M =10/8, 1/k = .5263 between aileron hinge position
of Xy = o9 and X3 = 8. Similarly for 1/k = 8772 the damping changes
sign between X} = .8 and X; = ,7. Therefore, & separate plot was made
for several values of 1/k, of Ng against X), and the value of X3 when
Ng= O was determined. From these values, a plot of 1/k vs X1, was made
and value of 1/k at the X} = .85 was-deternined,

’rh-s. frequency may now be determined from the real equation

‘ l

:w"\

AL

\ (Jg

4

Teohnisal Note 2055, Washinghon, 1950.
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where Ng was determined in the same manner as the value of l/k was found
from eross plotting. | - |

II. HESULTS OF CAICULATIONS FOR M = o7 and ¥ = 10/9

.

' The results of the calculations are presented in Fig. 13, 14, and

15, In Fige. 13, the flutter speed parameter is plotted against the inertia
parsmeter for M=0, ¥ = .7 and M = 10/9. The curves for M= .7 and ¥ = 10/9
are similar to the curve for M = 0, except that the stable range of the
inertia parameter is greatly reduced as the Mach number is increased.
Another effeot of compre;ssibility is a large reduction in the value of
the reduced veloeity L/k. "

In Fig. 14, the frequenoy ratio is ;;lotted against the inertia |
parameter for three Mach numbers M = 0, ¥ = (7 and ¥ = 10/9. Ths major
effect of compressibility is to reduce the stable range of the inertia
parameter. '

A .signi.ficant plot may be made if the asymptotic value of the inertia .
parameter is plotted against Mach number as shown in Fig. 15. The
relation between the inertia parameter and Mach number is linear, and the
region to the right and above the curve is the uhstable area. This plot
would apply, in particular, to a control surface without elastic restraint
(<= 0)s Therefore, an aileron that is stable at low Mach nmz;bérs,
oould become unstable in the high subsonic or lower supersonic range.

Thage calculations have been based on potential flow, with no con=
'aideration of separated ‘flow' phenomena. Accordingly, it is not expected

that flutter speeds will be found corresponding exactly to any found

»
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on actual ajireraft or determined by experiment. However, the analysis
should provide a basis or framework with which exﬁermntal data may be

more mystematically analywsd.
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CHAPTER V
SUMMARY AND CONGLUSIONS

I. SUMMARY

‘The theoretical possibility of single-degree-of-freedom pitching
 osoillations of a wing based on potential flow has been known (see Section
1I, Chapter I) for some tims,. Hm%er, -corresponding studies of single-
degree—of-freedom flutter of a control su.rf'aca have not besn made, The
present paper demonstrates by theoretical caloulstions, that single-degree-
of-freedom control s}zrfaoe flutter is possidble, The effects of’aiructural
damping, serodynamis balance, axis of rotation, and compressibility are
included. Slngle-degrée-of;- freedom oscillation of a control surface has
been reported on aircraft, and it is thought by some investigators that
the causs is in‘some way connected with’separsted flow. Even though the ‘
calculations of the present report are based on potenﬁal flow, the results
should provide a logical besls or framework with which to examine separated

flow phenomena.
II. CCNCLUSIONS

The following conclusions may be anmratedx_'

1. Si-ng).-e‘fdagroo—of-fmdom flut.tér of a ooﬂtrﬁ surface is
predicted by potential flow theory. |

2. Flutter of a control surface of present day aireraft at low
liach numbers and low altitudes would not be likely to ocour.

3. Flutter of m control surface is more probabls for a configuration

operating at high subsonic or low supersonic speeds than at low

speeds.




4.

5.

Ge

7.

47

This type of oscillatory instability is greatly influenced
by an inertia parameter Ip/n'Pb4, and since this parameter is

inversely proportional to fluid density, an increase’ in altitude

eould make a control surface that was stable at low altitudes,

unstable at high altitudes.

Structural damping has a heneficial effect, since it raisas the
flutter aspeed apsreclably. The use of structural damping may
be a conv.oniep’o method of eliminating flutter, |

The oscillation is still possible if the control surface is
aorodynamically balanced.

The results should provide a more logical basis or framework
for investigation of oscillations of a control surface thought

to be connected with ssparated flow,




BISLIOGAPHY




Birnbaur, ¥,, Das ebene Problem des sciilagenden I'lupela, Zeitschrift
fur Angewandte jachematick und lothanik, Vol. 4 (1924) pp. £77-292

Garrick, l. L. and :uminm:, Se Ie, Ulubter and Oscillating Air roree
C.g‘wlabjws Sor an Alrfoll in s Two=Dimenslenal oucersonic rlow,
Technical ..ote llSd, RACA, October 1946, pp. 34=36

dlavert, He, force snd Moment on an Oscillating: Aerofoil, Acro. Research
Committee ieports and Kemorandum, 1<4% (Ae 397), warch l9kY, London
Pe 15 '

Huckel, Ve and i;url.lng,, Be, Tables of Wing-Alleron Coefficlents of
Oscillatin g Adr Yorces for Two=Dimensions) Sunersonic Flow, ~ACA
| Technical Hote 2055, washington, 1960

Poasio, C., L'azione gerodipamice sul profilo oscillante ’e,;Lle velocitg
ultrasonore. Acts. Pont. Acad. 5ci., Vol. I, No, X1, 1987, opp. 93-108

Runyan, Harry L., Sincle-Degrpe~of-Freedomet'lutter Caloulations for a
Wing An Subsonic Votential Flow and Comparison with an Lxperiment,
ACA, Unpublished 7d, April 1961 .

Suilg, Benjauin, The Prevention of Aileron Cscillstions ob Transopic
Speedg, qu Technical iteport 5570, Army Alr Porces, Alr Sat;eriel
Command, wricht Fisld, Dayton, Chieo

Siuily, Bey, ibe Instabdlity of Pitching OUscillations of an airfoil in
Subsonic ipcompressihie potential tlow, Journal of Aercnauntical
Science, lovember 14942, vVol. 16, fios 1l

Smilte, benjanin and wasserman, loe 5., Application of 7ihree-Dinensional
utier ory to ¢ structures, AC Technical Heport, 4798 .-
Air Corps, nateriel Division, lLayton, Chio

Theodorsen, Theodore, General Theory of Aerodyvpamic Instability and the
isechanism of Fiutter, NACA report ko. 496 (Luperintendert o Docuwents,
Washe, Do Le) :

Theodorsen, I'e and Garrick, I. L., Nechanism ot Flatter - A Theorstical
1_JInves tion of the rlut roblem, NACA Technical
Report &85, 1950 (Superintendent of liocuments, Washe Ue Co)

Theodorsen, Theodore and Garrick, 1. ke, Nonstationary ¥low about a
Wing=pdloron-iab atlon Jncluding Aerodynamic Ealance, WNACA

Technical hepors p’o. 759 Goverment Print;mg Qffice, Viashington, DCe)

Vagrer, H., Uber die Entstehwng das dim"*scrwx Auftriebs von Tragfluseln.
Zeiivsciriit fur Angewandte | )atnouat 1k and kechanik, Vole 5 (125), pp.l7-85 ~ ‘

Watkins, Charles L., k :
of a Thin ilgctancular Wing: in Susersonic Flow, RACA TH 1eu5, 1049




APPEIDIL



51

SYZBOLS
Ay Az, A asrodynanic irertias, danplng, and stiffness coefficlent
for a wing
By, Bp, By aerodynamic inertiz, damping, and stiffness coefficient

for a control surface

a axis of rotation location of a wing
b _ | wing half chord, feet .
e control surface hinge axis location, measured from

midehord, based on half chord and positive aft, for
a control surface without aerodynamic balance .
o! location of leading edge of an aerodynemically bala.néed
gontrol surface, measured from midchord, based on
half chord, and posit.vive aft. |

torsional stiffnesa of wing about axis of rotation

Cu
Cp 'horaional‘ g‘c.ii’fnesa of controi surface aboui hinge
line ¢ | |
d viscous damping ‘ooeffieient
D : damping coeffioient )
e location of hinge axis of an aerodynamically balanced -
control surface, msasured from mldchord, based on
half chord, and positive aft J
F and G . ~ functions of k for oscillating plane Ilow . \
g : .+~ structural dagxpmg coe;‘i‘iéisnt (Trgp‘? logarithaic deorement)

Ib o ' out~of-phage aerodynamic moment coefficisnt ‘




K.gﬁ and K”ﬂﬁi

K

mass momgni of lnertia of wing system about axis of
rotation, por unit length.

mass moment of inertia of contrel surface abiout hinge
per unit length line

aerodynamic moment, coefficients for a control surface.
in cmnpreséihle flow | | |

-reduced frequency

spring constant )

nonedimensional distance of control surface axis of
rotation to leading edge of control surface (e~c)

total complex aerodyhamic moment on control surface

mass

part of inphase aerddynamic moment

serodynamic eosfficients for a combrol sorface in
éupersonic flow

inphase mament on a conbrol surface

inphage aerodynaﬁic mozent on eontrol surface

control surface coefficients

tine

flutter velocity, ft. per sec.

displacement of mass from equilibrium position

angular deflection of wing from equilibrium position

control surface rotation, measured from wing chord, radians

fluid density, slues ver cu. ft,.



cirewlar flutter frequency, radians per sec.
wp natural circular frequency of control surface, about

hinge axis, radians ner scc,




